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ABSTRACT 
 
 
Relatively low thermal conductivity and great electrical properties in combination 
with wide tuning parameters through doping make half-Heuslers high potential 
thermoelectric materials.  In this study we plan to investigate the effects of hot-pressing and 
arc-melting on the thermoelectric properties of ZrNiSn0.975Sb0.025, and 
Hf0.75Zr0.25NiSn0.975Sb0.025 samples.  Also, the effects of  electron and phonon scattering due 
to the insertion of small 50 nm particles within the sample were investigated in 
ZrNiSn0.975Sb0.025 +4% Al2O3 and Hf0.75Zr0.25NiSn0.975Sb0.025 +4% Al2O3. The Thermopower, 
electrical resistivity, and thermal conductivity data from 20K-950K will be presented for 
each sample. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
Thermoelectric (TE) Effects 
 
 
With today’s increasing energy problems, the need for new and innovative ways to 
conserve and recycle energy is foremost in many minds1.  The field of thermoelectrics (TE) 
is a possible solution to part of the needs for increasing energy demands.  While the field is 
very promising, relatively poor efficiencies (5% to 7%) of many TE materials demand the 
need for new more efficient materials.  These new materials are brought about by either 
creating new concepts such as the rattlers or 1D materials or optimizing the electrical and 
thermal properties of existing materials2.  
 
Seebeck Effect 
 
Thermoelectrics first began in 1821 when Thomas Seebeck discovered that two 
junctions of different materials held across a temperature gradient created a magnetic effect3.  
This magnetic effect was later contributed to the thermoelectric voltage that was created 
when the junctions were held at a temperature gradient.  This voltage, as shown in figure 1.1, 
was found to depend upon the magnitude of the temperature gradient but did not depend 
upon the gradients along the materials’ branches.    
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Figure 1.1 Seebeck Effect 
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 Peltier Effect 
 
 In addition to power generation spot heating and cooling is the other major 
application of thermoelectics.  The heating and cooling originates by passing a current 
through two different connected materials.  The junctions of those materials will then either 
absorb heat or expel it.  The direction of the current dictates which junction acts as the 
heater and which junction provides the cooling as shown in figure 1.2.  The heat flow is 
described by; ( )1 2dQ Idt = Π −Π  where Π is the samples Peltier coefficients and I is the 
current.  This effect was discovered in 1834 by Jean Peltier3.   
 
 Thomson Effect 
 
 The Thomson effect was theorized by Lord Kelvin in 1855 and is described as the 
absorption or expelling of heat when a single current carrying conductor is in a thermal 
gradient.  This effect is represented by dQ dTI
dt dx
τ=  where dQ
dt
 is the absorption or 
expelling of heat, τT is the Thomson coefficient, I is the current and 
dT
dx
 is the temperature 
per unit length of the sample.   Kelvin also showed that the Seebeck effect is related to the 
Peltier effect by temperature in:  Π = αT. 4   
 With these three effects solid-state power generation and refrigeration are a new 
hope for the increasing energy demands of today. 
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Figure 1.2 Peltier Effect 
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 Figure of Merit  (ZT) 
  
 Thermoelectric materials are judged upon the properties of those materials.  The 
resistivity (ρ), Seebeck (α), and thermal conductivity (к) are those three properties that have 
to be optimized in order to produce good thermoelectric materials.  Resistivity, often 
measured in ohm-cm, is the ease at which current can pass through a material.  Because 
resistivity typically obeys Ohm’s law, V = IR, knowing the voltage and the current in 
conjunction with sample dimensions, allows one to find the resistivity.  The Seebeck voltage 
is the measure of voltage produce in the sample when a temperature gradient is held across 
it.  The Seebeck coefficient is measured by knowing the change in voltage and change in 
temperature across the sample,   V
T
α ∆= ∆  and is measured in V/K.  In getting an accurate 
measurement of the Seebeck coefficient many parasitic effects have to be systematically 
eliminated.  In our measurements this is done by reducing contact resistance between the 
sample and voltage wires and ensuring that the thermocouple is in good thermal contact 
with both ends of the sample.  Combining the Seebeck coefficient squared, the inverse of 
resistivity (σ), and temperature of a sample, one gets what is known as the power-factor, 
2Pf α σ= T.  The power-factor is the numerator of the figure of merit and is a judge of how 
good the electrical properties are of the material.  The denominator of the ZT is the thermal 
conductivity of the sample.  Thermal conductivity is the ease at which heat passes through as 
sample and is measured in Watts per meter Kelvin.  In our measurements a steady state 
differential method is used to measure the thermal conductance of the sample by finding the 
slope of a power vs. change in temperature graph for different temperatures.  By combining 
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the dimensions of the sample along with the measured thermal conductance, we can 
calculate the total thermal conductivity.  By knowing these three properties for many 
different temperatures we are able to combine them to get 
2 TZT α σκ= .  By graphing the 
sample’s ZT vs. Temperature for many different samples we are able to see where each 
sample falls in comparison with the rest as seen in figure 1.3. 
 
 
 
  
 
Figure 1.3 ZT vs. T graph for advanced thermoelectric materials 5
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CHAPTER 2 
OVERVIEW OF HALF-HEUSLER ALLOYS 
 
The full Heusler alloy discovered in 1903 by F. Heusler is a metallic compound 
consisting of four interpenetrating face centered cubic (FCC) lattices.  Two of these lattices 
contains Nickel atoms which helps account for their magnetic properties and makes them 
good electrical conductors.   
The half-Heusler on the other hand is a semi-conducting compound consisting of 
four interpenetrating FCC sub-lattices with Ni vacancies on the fourth lattice.  The formula 
for a half-Heusler is MNiSn where the M is typically either Zr, Hf, Ti (figure 2.1).  As shown 
in figure 2.2 twelve atoms make up the unit cell with the third lattice off-center by nearly a 
fourth of the cell.     
Half-Heusler alloys tend to have many phases when arc melted and it is therefore 
likely these phases are of slightly varied structures.  Because most of these phases are 
unwanted and at higher energy states, half-Heuslers must be heat treated or annealed.  To 
get to the lowest energy phase, and thus most stable state, the half- Heusler must undergo 
long term annealing,  ie., held at a high temperature (700-900oC), for many days.  This 
annealing process relaxes the lattice structure and allows the electrical and thermal properties 
to be optimized.  
Because the half-Heusler is semi-conducting with a valence count of 18, the 
optimum number for semi-conducting properties, it’s electrical properties promote the alloy 
as a good TE material.  With a reasonably high Seebeck coefficient (100-200 µVK-1) and low 
resistivity (0.1-.8 mohm-cm) a decent power-factor can be obtained.  But, there are two main 
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properties that must be accounted for in TE materials, electrical and thermal.  While in half-
Heuslers the electrical properties are good the thermal properties are too high ~10 Wm-1K-1.  
In order to have a decent figure of merit (ZT = 1-2) the alloys must have a thermal 
conductivity on the order of 1-3 Wm-1K-1.  
 
Developments to Half-Heusler alloys 
 
Improvements have been made to half-Heuslers in the past that have been utilized in 
this study. In 2003 it was shown by  Bhattacharya et al6 that doping the alloys with 2.5% 
Antimony on the Tin sites improves the electrical properties.  Similarly in 2005 Slade et al7 
showed that substituting 75% Hafnium on the Zr sites reduces the thermal conductivity.  It 
was the attempt of this student to expand on these improvements with additional scattering 
mechanisms. 
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Figure 2.1 Chart of typical half-Heusler elements8 
 
 
 
 
 
 
 
 
 
Figure 2.2 Structure of half-Heusler 
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M
Ni
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 
 
Synthesis of Half-Heusler Alloys 
 
The synthesis and measurements of the samples were performed at Clemson 
University.  The initial starting materials, Zr (3N purity), Hf (2N Purity), Ni (4N Purity), Sn 
(4N Purity), Sb (3N Purity), were weighted and mixed by molecular weight, on a Sartorius 
1601 A Mp8-1 Digital Scale, according to the formulas: Hf0.75Zr0.25NiSn0.975Sb0.025 and 
ZrNiSn0.975Sb0.025.  The materials were placed in a quarter inch die and pressed at 1.5 tons to 
consolidate the materials for arc-melting.  The materials were then arc-melted on a cool-
water Cu hearth under Argon atmosphere.  The ingot was subsequently flipped and melted 
an additional 6-9 times to ensure homogeneity within the sample.  The ingot was then 
ground and pressed at 1.5 tons again to promote homogeneity in addition to allowing the 
procurement of a single large ingot after the final melting.  The samples were then cut, in 
order to fit into a quartz tube, and wrapped in Carbon foil and sealed in an evacuated quartz 
tube.  They were then placed in a box furnace to anneal for 1 day at 900 oC and then 10 days 
at 750 °C.   
The samples were then removed from the tubes, sanded and cut with a diamond saw 
into bar shaped samples with a dimension of ~ 2x2x8 mm3. About 75 mg of the material 
was ground in a mortar and pedestal and characterized  in a Rigaku Miniflex® x-ray 
apparatus to ensure that the material was predominantly single phase.  To make a hot-
pressed sample for comparison, excess material was then ground down and ball-milled, in a 
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Retsch MM200® with agate container and agate ball bearings, for 20 minutes, to promote 
small particle size.  Roughly 2 grams was then hot-pressed for 1.5 hour at 720 °C and 240 
MPa in a Thermal Technology ® HP 20-4560-20 hot press.  About 75 mg of the material 
was ground in a mortar and pedestal and the x-ray diffraction was recorded  using a Rigaku 
Miniflex® x-ray apparatus to check the phase purity. 
Simultaneously two grams of the annealed material was mixed with 4% Al2O3 (50nm 
in size) by molecular weight and ball milled for 20 minuets.  The material was then hot-
pressed for 1.5 hour at 720 °C and 240 MPa in a Thermal Technology ® HP 20-4560-20. 
  Low temperature thermal conductivity was then measured on each sample with a 
steady state method11. 
 The low temperature thermopower and resistivity was then measured on each 
sample with a linear 4-probe steady state method9.  The systems and techniques are 
described in detail in references 9 and 11.  The densities of both the annealed and hot-
pressed samples were acquired by measuring the dimensions with calipers and the mass with 
a Sartorius 1601 A Mp8-1 Digital Scale.  The high temperature thermal diffusivities were 
made on a Netzsch LFA 457 Laser Flash, while the specific heat of each sample was 
measured on a Netzsch DSC 405 "Pegasus".  The two measurements were combined with 
the density in order to get high temperature thermal conductivity.  The high temperature 
resistivity and thermopower measurements were made on a ULVAC ZEM-2. 
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Ball milling 
 
For the hot-pressed samples ball milling was done at 20 Hz for 20 minutes.  Ball 
milling is shown to control particle size as well as increase homogeneity.  Increasing thermal 
boundary scattering by decreasing the size of the grain boundary within the sample was one 
objective of the project.  This was accomplished through both ball-milling and adding 50 nm 
Al2O3 to the samples. 
 
X-Ray Diffraction 
 
X-ray diffraction (XRD) is used to identify the crystal structure of different samples.  
In the case of half-Heuslers XRD is used to identify that there are no additional phases or 
structural variations within the sample.  The diffraction occurs from the x-rays interfering 
with one another as they pass through the lattice satisfying Bragg’s law: nλ=2dsinθ.  In 
creating the half-Heusler alloys secondary phases are often present do to the rapid heating 
and cooling that is associated with arc-melting thus not allowing the system to relax into the 
lowest energy phase.  Annealing the sample at a temperature below the melting point for a 
specific amount of time allows the atoms to move slightly and form the proper phase of the 
alloy represented by the half-Heusler diffraction pattern (Figure 3.1).  Powder XRD was 
performed on each the samples multiple times during the project to ensure that no 
additional phases or contaminates were introduced. 
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Figure 3.1 XRD of Hf0.75Zr0.25NiSn0.975Sb0.025 
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 Low Temperature Seebeck and Resistivity 
 
Low temperature (15K-300K) electrical properties were conducted on the custom 
made R&S system9.  The samples were cut and mounted on the removable chips as seen in 
figure 3.2.  The 4-probe resistivity measurement was performed by passing  current into the 
sample which is in series with standard resistors.  The current is then reversed in order to 
eliminate any  thermal voltage.  The voltage leads are then used to subtract off the 
thermoelectric voltage, and thus give us a resistance for the sample.  The resistivity is then 
calculated by knowing the length between the leads RA
L
ρ = .  The Seebeck measurement is 
taken by reading the voltage across the sample (when current is zero) and knowing the 
temperature at either end (via the thermocouple).  With the change in temperature and 
change in voltage measured at the same place across the sample we use: V
T
α ∆= ∆  and get the 
Seebeck measurement.          
  Both measurements are made in a quasi-static equilibrium both decreasing and 
increasing in temperature.  We then can use the increasing and decreasing temperature to as 
a reliability check.  Also, to ensure reliability of the measurements, the samples were run on 
different systems and compared.  
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Figure 3.2 R&S Chips10 
 
 
Figure 3.3 TC puck11 
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 Low Temperature Thermal Conductivity 
 
 Low temperature (15-300K) thermal conductivity measurements were performed on 
the custom made thermal conductivity systems11.  The samples were inserted in to a Cu base 
and attached to an APD puck (figure 3.3).  Two 38 gauge insulated copper wires were 
epoxied with stycaste to the sample in-order to create a thermal anchor for the 
thermocouples.  The 1mil constantan-chromega-constantan thermocouple then had its joints 
soldered to the copper wires.  A 120 ohm strain-gauge resistive heater was then epoxied to 
the top of the sample to create the power needed for the thermal conductivity measurement.  
The TC systems measure the total thermal conductivity of the sample by measuring the 
IN Loss
onductance
Power PowerTC
T
−= ∆ .  Many of the parasitic losses are addressed within the 
system design and programming.  The measurements are all performed under high vacuum 
(1E-5 torr) with three thermal shields in place in order to reduce optical radiation.  The 
samples are also held at thermal equilibrium for 180 seconds to ensure a steady state 
measurement is performed.  To further reduce thermal leaching of the sample the heater is 
connected to the sample with thin phosphor bronze wires.  Phospor bronze wires are used 
because of their relatively low thermal conductivity.  The thermocouple is also very thin and 
long also in order to reduce the amount of power that that could flow from the sample and 
into it. 
 
  
 
  17
 High Temperature Seebeck Coefficient and Resistivity 
 
 High temperature electronic properties (Seebeck coefficient and resistivity) were 
performed on a linear 4-probe configuration with end leads being used to pass current. The 
current is measured each time by passing it through a standard resistor and measuring the 
voltage across the standard. Two spring-loaded voltage leads are held in place near the center 
of the sample and are used to measure the voltage drop. The cross-sectional area and voltage 
lead displacement are used to calculate the resisitivity.  The samples ~2x2x8 mm3 are held 
between two Ni blocks and heated in a quartz lamp furnace while a constant temperature 
gradient of 10, 15, 20 K is maintained across the sample using an auxiliary heater.  The 
temperature gradient must be within 0.5 Kelvin before a measurement point is taken.  The 3 
gradient values are then plotted (∆E vs.∆T plot)  to get the slope, which is the Seebeck 
coefficient at that temperature range.  The resistivity is taken much like the low temperature 
resistivity measurements by passing a current through the sample in both directions and 
subtracting out the produced thermoelectric voltages in order to get the sample resistance.   
 
  
 High Temperature Thermal Conductivity 
 
 The high temperature thermal conductivity was calculated from measurements of 
both thermal diffusivity and specific heat.  The two components combine with the density of 
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the sample, measured from a digital scale and calipers, to give thermal conductivity 
pDCκ ρ= , where D is the diffusivity and Cp is the specific heat.   
 The diffusivity was measured on a Netzsch LFA 457 Microflash by pulsing a beam 
of monochromatic light (laser) into the sample and measuring the temperature and time it 
takes to transfuse the sample.  By measuring the half-time (t1/2) and the sample dimensions 
(d) the formula:  
2
1
2
0.1388 dD
t
=  was used to get the diffusivity. 
 The specific heat was measured on a Netzsch DSC 405 "Pegasus" where the samples 
were heated and the heat flow was compared to the heating rate through, 1p
rate
QC
Tτ= ∆ .  
The Q is the heat, ∆T is the change in temperature measured by the thermocouple, and τrate 
is the heating rate set by the user. 
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CHAPTER 4 
 
RESULTS AND DISSCUSSION 
 
 
 As was discussed earlier, the goal of the project was to observe the effects of mass 
fluxuation, grain mainulipulation, and small particle scattering on the phonons and electrical 
properties of a set of half-Heusler materials.  Two systems were manuliplated in three 
distinct ways in order to observe these possible effects.  The basic system ZrNiSn0.975Sb0.025 
(ZrNiSnSb) was used to give us a control.  The doping of 2.5% Antimony on the Tin site 
was found to enhance the thermoelectric properties in earlier studies.  The alloy, after 
annealed was then ball-milled to help control the grain size and then hot-pressed.  The act of 
hot-pressing the sample introduced pores into the sample which would hamper phonon 
propigation thoughout the sample.  It was also believed that the hot-pressing would keep the 
grains relatively small within the sample.  To enhance the ability of small grains to scatter 
phonons 4% of Al2O3, by molecular weight, was ball-milled and hot-pressed with the 
annealed sample.  Because Al2O3 is inert it was believed that it would not effect the sample 
properties other than providing scattering sites.  The same procedures were done with the 
sample Hf0.75 Zr0.25NiSn0.975Sb0.025 (HfZrNiSnSb) which should produce mass fluxuation 
within the lattice due to the differences in Hf and Zr masses. 
 As one can see, in figures 4.1 and 4.2, the resistivities of both systems show the semi-
conducting charastics of the increasing trend.  One can also see, in figures 4.3 and 4.4, that 
the increase in each resistivity is not  just the scaling of the others.  As expected in the 
HfZrNiSnSb system, the annealed sample is the lowest with the hot-pressed and Al2O3 
sample falling within eaches error bars.  Unexpectedly through, the Al2O3 sample in the 
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ZrNiSnSb system shows a considerably lower resistivity ~ 0.42 mohm-cm at room 
termperature compared with the HfZrNiSnSb sample.  The addition of 75% Hf, by 
molecular weight, to the ZrNiSnSb sample should only make a differnce in the thermal 
conductivity measurments do to the differences in mass that the two atoms share.  The 
Al2O3 on the other hand should be either inert or slightly conducting depending upon the 
position and concentration of it within the samples.  If it was conducting we would see a 
decrease in the resistivity from the annealed and hot-pressed samples as we do in the 
ZrNiSnSb sample. 
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Figure 4.1 Low temperature resistivity for Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.2 Low temperature resistivity for ZrNiSn0.975Sb0.025 system. 
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Figure 4.3 Normalized resistivity ρ/ρ300K for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.4 Normalized resistivity ρ/ρ300K for the ZrNiSn0.975Sb0.025 system. 
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 The seebeck measurments for both HfZrNiSnSb and ZrNiSnSb samples both agree 
and show that the annealing process provides slightly better Seebeck measurments ~ 75 
µVK-1  and ~85 µVK-1 in the ZrNiSnSb and HfZrNiSnSb samples respectivily.  It is 
believed that the absence of pores within the sample accounts for the increased Seebeck 
coefficients in the annealed sample.  Recall, that the resistivity and Seebeck measurments are 
made in a quasi-steadystate enviroment both decreasing in temperature and increasing in 
temperature.  The slight seperation in the warming and cooling curves near room 
temperature is due to thermal anchoring of the measurment chip.  As seen in figure 4.5 and 
4.6 there is good thermal anchoring in the system represented by the overlapping warming 
and cooling curves.  Also, it is important to point out that the spikes/dips around 300K are 
due to the system starting and measurments being made before the 5K gradient is 
established across the sample.  Furthermore it is important to note that while the annealed 
samples have Seebeck coefficient near the reported and optimised values 100 µVK-1 at 
300K, the hot-pressed and Al2O3 samples fall considerable short ~75 µVK-1 and ~65 µVK-1 
for the HfZrNiSnSb and ZrNiSnSb samples respectivly. 
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Figure 4.5 Low temperature Seebeck measuremnts for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.6 Low temperature Seebeck measurments for the ZrNiSn0.975Sb0.025 system. 
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 By combining the electrical portions of each measurment according the the power-
factor equation PF = α2σT where α is the seebeck coeficient, σ is the inverse of resistivity, 
and T is the temperature we get the numerator to the figure of merit.  As one can see the 
annealed samples have higher PF’s as expected from the higher Seebeck coefficients and 
lower resistivities. 
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Figure 4.7 Low  temperature power-factor for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.8 Low temperature power-factor for the ZrNiSn0.975Sb0.025 system. 
  
 
 
 
  
  
  
  30
 The point of the study was to observe how mass fluxuation, boundary scattering, and 
small particle scattering affected the thermal conductivity of each system.  Again, this was 
done through substuting 75% Hf, by molecular weight, into the sample to create mass 
fluxuation along the lattice.  Ball-milling and hot-pressing was also done to decrease the 
particle size, introduce pores, and hopefully reduce the size of the grains.  Each of those 
mechnisims is thought to impede the phonons as they transverse the sample.  And finally, 
4%, by molecular weight, of Al2O3 particles (50 nm) was combined again in order to 
promote the scatter of phonons.  It was expected that each mechanism would reduce 
thermal conductivity showing the annealed sample being the highest in each case with hot-
pressed and Al203 samples having further reduced thermal conductivies.  This was not 
exactly the case as seen in the total thermal conductivity graphs.  In the HfZrNiSnSb system 
the annealed sample shows к’s as low as the hot pressed sample and considerably lower than 
the Al2O3 sample ~ 2 Wm-1K-1  lower.  In the ZrNiSnSb system the results are closer to 
predicted with the annealed sample giving the highest к ~ 5.8 Wm-1K-1  at room temperature, 
while the hot-pressed and Al2O3 added samples are ~ 3.2 and 5 Wm-1K-1 respectively.    
 While observing the total thermal conductivity gives us an idea of how we dropped 
the к for the system, it does not show us exactly what the phonon scattering did to the 
lattice.  In order to veiw that portion of the measurments we must first subtract out the 
electrical portion of the measurment.  As stated earlier к =  кLattice + кElectrical, where the 
electrical portion is given by the Wiedemann-Franz relation кElectrical = LoσT where the L is 
the Lorenz number Lo = 2.45E-8 V2K-2, σ is the electrical conductivity or inverse resistivity, 
and T is temperature.  Once we get our electrical portion of к we subtract it from the total к 
we measured and are left with the кLattice.  The lattice portions are plotted in order for one to 
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see how the lattice is reduced.  While the lattice does drop in each sample it does not give us 
a clear picture of phonon scattering in the hot-pressed and Al2O3 samples.  It appears that 
neither the addition of hot-pressing nor Al2O3 into the HfZrNiSnSb system lowers the кLattice 
lower than the annealed sample.  In the ZrNiSnSb sample it is shown that hot-pressing the 
sample does lower the кLattice considerably, but that adding Al2O3 does not appear to have any 
effect upon the sample at room temperature.  Overall, with the exception of hot-pressing on 
the ZrNiSnSb system and mass fluctuation in the annealed samples, none of the phonon 
scattering mechnisms seem to have any desirable effect on the low temperature к’s of the 
systems. 
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Figure 4.9 Low temperature к for the Hf0.75Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.10 Low temperature к for the ZrNiSn0.975Sb0.025 system. 
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Figure 4.11 Low temperature кLattice for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
 
 
 
 
 
 
 
 
 
  35
 
 
 
 
 
 
1
2
3
4
5
6
7
0 50 100 150 200 250 300 350
Low Temperature Lattice κ
ZrNiSn
0.975
Sb
0.025
Hot-pressed +4% Al
2
O
3
 Lattice
Hot-pressed Lattice
Annealed Lattice
La
tti
ce
 T
he
rm
al
 C
on
du
ct
iv
ity
 (W
/m
-K
)
Temperature (K)
  
 
Figure 4.12 Low temperature кLattice for the ZrNiSn0.975Sb0.025 system. 
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 Beacause half-Heuslers are designed chiefly for power generation the optimum 
temperature range for their use is near 923K or 650C.  The low temperature (15-300K) 
measurments are taken as a way to quickly and easily see how our manipulations of the 
system affects the properties.  Let us now analyse the properties of the optimum 
temperature range.   
 Below are the total к for both systems at high temperatures.  There are no к 
measurments for the annealed HfZrNiSnSb sample due to the amount of material needed in 
order to make a high temperature к measurment.  The dip in к at ~ 750K is charastic of half-
Heuslers and one can see that the к of both hot-pressed and Al2O3 samples scatter phonons 
much better at higher temperatures than the annealed samples, roughly 1.2 Wm-1K-1 lower in 
the ZrNiSnSb system.  At high temperatures there appears to be a systematic ~ 1 Wm-1K-1 
difference between the hot-pressed and Al2O3 samples indicating that at higher temperatures 
hot-pressing is more desirable than the addition of Al2O3.   
 The trend lines are added as only a guide to the eye in observing the dip at 750K. 
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Figure 4.13 High temperature к for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.14 High temperature к for the ZrNiSn0.975Sb0.025 system. 
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Figure 4.15 High temperature lattice к for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.16 High temperature lattice к for the ZrNiSn0.975Sb0.025 system. 
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In addition to the high temperature thermal conductivity measurments we were able 
to get resistivity and Seebeck measurements for the high temperature ranges.  As shown 
below, the resistivities increase up to 750 K – 800 K where they then peak.  Because the 
resistivies are a maximun at this point we can expect a maximum in the figure of merit at this 
temperature range.  It is also shown that the hot-pressed sample in the ZrNiSn0.975Sb0.025 
system has the highest resistivity measurment at ~ 1.2 mohm-cm at 800K.  In the 
ZrNiSn0.975Sb0.025 system we also see that the annealed sample shows the highest Seebeck 
measurment, increasing over the 750 K turn over point.   
Finally, when combining all the mearsurments over all temperature ranges we are 
able to get a complete picture of how the modifications to the systems of half-Heuslers 
affects the figure of merit.  Recall the figure of merrit is given by; 
2 TZT α σκ= .  Because the 
half-Heuslers are designed around high temperature use, we will use the figure of merit for 
those higher temperatures as the guide and find which materials are useful for power 
generation. 
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Figure 4.17 High temperature resistivity for the Hf0.75Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.18 High temperature resistivity for the ZrNiSn0.975Sb0.025 system. 
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Figure 4.19 High temperature Seebeck measurments for the Hf0.75Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.20 High temperature Seebeck measurments for the ZrNiSn0.975Sb0.025 system. 
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Figure 4.21 Low temperature ZT for the Hf0.75 Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.22 Low temperature ZT for the ZrNiSn0.975Sb0.025 system. 
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Figure 4.23 High temperature ZT measurments for the Hf0.75Zr0.25NiSn0.975Sb0.025 system. 
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Figure 4.24 High temperature ZT for the ZrNiSn0.975Sb0.025 system. 
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CHAPTER 5 
CONCLUSIONS 
 
 Due to the increasing energy demands and half-Heuslers ability to recycle power, it 
was decided that optimization of not only the electrical properties was needed, but the 
optimization of the thermal properties should become a priority.  Since the electrical 
properties have been optimized 3 different methods were tried in an attempt to optimize the 
thermal properties.  The use of mass fluctuation, scattering, and small particle scattering 
were used to reduce the phonon movement through the the sample.  It has been shown that 
introducing 75% Hf, by molecular weight, into the ZrNiSn0.975Sb0.025 system improved the 
annealed thermal conductivity at low temperatures.  Due to the dimensial requirements for 
the high temperature thermal conductivity measurments no comparison could be made 
between the annealed systems at elevated temperatures.  It was also shown that hot-pressing 
either system improved the thermal conductivity at high temperatures compared to both the 
annealed samples and Al2O3 samples.  Unfortuantly, inserting the mass fluctuations to the 
sample did not add to the improvement in к gained by hot-pressing.  It was also seen that 
the insertion of Hf into the ZrNiSn0.975Sb0.025 system did slightly improve the electrical 
properties.   
 Even with the reduction in the thermal propeties a ZT of ~0.38 was the best that 
was achieved at 750K in the ZrNiSnSb system.  A ZT of ~0.54 was achieved at the same 
temperature range for the HfZrNiSnSb system.  Further study will be required in order to 
boost this system of  half-Heuslers’ figure of merit past 1 and near 2.  The tables 1 and 2 
emphasizes the thermoelectric properties for each system. 
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Table 5.1  Properties of ZrNiSn0.975Sb0.025 system 
 
 
 
 
 
 
 
 
 
Properties ZrNiSn0.975Sb0.025 
Annealed 
ZrNiSn0.975Sb0.025 
Hot-Pressed 
ZrNiSn0.975Sb0.025 
Hot-pressed + 4% Al2O3 
Room T. 
Resistivity 
(mOhm-cm) 
.57 .65 .38 
Room T. 
Seebeck 
(µV/K) 
-72 -65 -58 
Room T. 
Thermal 
Conductivity 
(W/m-K) 
5.5 3.2 5 
Room T.  ZT .052 .045 .042 
750K Resistivity 
(mOhm-cm) 
1 1.15 .9 
750K Seebeck 
(µV/K) 
-140 -130 -125 
750K Thermal 
Conductivity 
(W/m-K) 
5.2 3.0 3.6 
750K ZT .27 .38 .35 
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Table 2 Properties of Hf0.75Zr0.25NiSn0.975Sb0.025 system 
 
 
 
Properties Hf0.75Zr0.25NiSn0.975Sb0.025
Annealed 
Hf0.75Zr0.25NiSn0.975Sb0.025 
Hot-Pressed 
Hf0.75Zr0.25NiS
n0.975Sb0.025 
Hot-pressed 
+ 4% Al2O3 
Room T. 
Resistivity 
(mOhm-cm) 
.33 .43 .39 
Room T. 
Seebeck 
(µV/K) 
-85 -71 -68 
Room T. 
Thermal 
Conductivity 
(W/m-K) 
4.3 4.6 6.8 
Room T.  
ZT 
.135 .065 .045 
750K 
Resistivity 
(mOhm-cm) 
.52 .80 .64 
750K 
Seebeck 
(µV/K) 
-145 -152 -133 
750K 
Thermal 
Conductivity 
(W/m-K) 
 3.7 4.3 
750K ZT  .52 .46 
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 Future Work 
 
In future investigations we plan to identify how the Al2O3 and hot-pressing techniques dope 
the samples.  We plan to do this by getting Hall-measurements to identify the differences in 
carrier concentrations.  EDX and SEM studies will need to be performed on the systems to 
identify the size of the grains and where the Al2O3 is located within the alloys.
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